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Locomotion requires the proper sequencing of neu-
ral activity to start, maintain, and stop it. Recently,
brainstem neurons were shown to specifically stop
locomotion in mammals. However, the cellular prop-
erties of these neurons and their activity during loco-
motion are still unknown. Here, we took advantage of
the lamprey model to characterize the activity of a
cell population that we now show to be involved in
stopping locomotion. We find that these neurons
display a burst of spikes that coincides with the
end of swimming activity. Their pharmacological
activation ends ongoing swimming, whereas the
inactivation of these neurons dramatically impairs
the rapid termination of swimming. These neurons
are henceforth referred to as stop cells, because
they play a crucial role in the termination of locomo-
tion. Our findings contribute to the fundamental un-
derstanding of motor control and provide important
details about the cellular mechanisms involved in
locomotor termination.
INTRODUCTION
Locomotion is a basic motor function vital for survival. In verte-
brates, central pattern generators (CPGs) in the spinal cord are
responsible for generating the rhythmic muscle synergies un-
derlying body propulsion, whereas supraspinal structures play
a crucial role in starting, maintaining, and stopping locomotion
(for review, see Grillner et al., 1998). Brainstem reticulospinal
(RS) cells project directly to spinal CPG neurons. They are in
turn activated by the mesencephalic locomotor region (MLR),
which initiates and maintains locomotion and controls the in-
tensity of the locomotor output like a rheostat (for review, see
Dubuc et al., 2008; Ryczko and Dubuc, 2013). In lampreys, uni-
lateral stimulation of the MLR induces bilaterally symmetrical
swimming with similar activation of RS cells on both sides (Bro-
card et al., 2010). The MLR inputs activate RS cells via both
cholinergic and glutamatergic receptors (Brocard and Dubuc,
2003; Le Ray et al., 2003). The MLR also activates muscarino-Cell
This is an open access article undceptive cells in the lower brainstem that provide additional exci-
tation to RS cells through a parallel connection (Smetana et al.,
2010).
How locomotion is initiated and maintained was examined
intensively in the past, and some of the underlying neural mech-
anisms are well understood (for review, see Dubuc et al., 2008).
The termination of locomotion has remained far more elusive (for
review, seeMullins et al., 2011). Recently, a genetically identified
group of V2a cells in mice was described as halting locomotion
when activated optogenetically (Bouvier et al., 2015). Blocking
the synaptic output of these V2a stop neurons dramatically
impaired the termination of locomotion in free-walking animals.
Because these cells were not yet accessible for intracellular re-
cordings, no details relative to their cellular activity and mem-
brane properties were provided.
Using calcium imaging, electrophysiological, and kinematic
techniques, we identify a specific population of lamprey RS cells
that showed functional features similar to those of mouse V2a
stop neurons. Using strengths of the lamprey model, we were
able to describe the cellular activity and membrane properties
of these cells. We thus demonstrate that these neurons produce
a transient burst of spikes when locomotion terminates. This
termination burst was present when locomotion was elicited by
MLR stimulation, was sensory evoked, or occurred spontane-
ously. Pharmacological activation of these neurons with D-gluta-
mate halted ongoing locomotor activity, whereas inactivation of
these cells dramatically impaired locomotor termination. In line
with these findings, we have named this RS cell population
stop cells.
RESULTS
RS Neurons in the MRRN Show Three Distinct Patterns
of Activity
In lampreys, RS neurons from themiddle rhombencephalic retic-
ular nucleus (MRRN) have been identified as command cells and
were shown to be essential for the initiation and control of loco-
motion (Brocard and Dubuc, 2003). They have been described
as key elements of a neural circuit controlling locomotor speed
and swimming direction (Smetana et al., 2010; Deliagina et al.,
2008). Despite the key role played by these neurons in locomo-
tion, the activity of only a small number of lamprey RS cells,
namely, the large MRRN cells (M€uller and Mauthner cells), wasReports 15, 2377–2386, June 14, 2016 ª 2016 The Author(s). 2377
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Figure 1. RS Neurons Show Three Patterns
of Calcium Responses during MLR Stimu-
lation
(A) Schematic representation of the in vitro brain-
stem preparation illustrating the localization of the
stimulation and recording sites.
(B) Dorsal view of MRRN RS neurons backfilled
with calcium green-dextran amines.
(C) Color-coded calcium responses in the back-
filled RS neurons during MLR stimulation.
(D–F) Calcium responses (top) and corresponding
membrane potential responses (bottom) to MLR
stimulation of maintain cells (D, red traces), start
cells (E, blue traces), and stop cells (F, green
traces).
(G–I) Localization of maintain cells (G, red), start
cells (H, blue), and stop cells (I, green) on a sche-
matic representation of the MRRN.documented in the context of locomotor activity. To examine the
activity of a larger proportion of RS cells, we calcium imaged
MRRN RS cells during MLR stimulation (Figure 1A). Using this
approach, it was possible to record activity of 14–45 neurons
at the same time (n = 417 cells in 21 preparations; Figure 1B).
In an isolated in vitro brainstem preparation, electrical stimula-
tion of the MLR (30 s trains of 2 ms stimuli at 5 Hz) induced
changes in intracellular calcium concentrations (expressed as
DF/F) in RS neurons. RS cells displayed three distinct patterns
of calcium responses to MLR stimulation (Figure 1C) that were
matched by membrane potential changes recorded intracellu-
larly (Figures 1D–1F). On the basis of their activity, RS neurons
were then divided into three populations. One population of RS2378 Cell Reports 15, 2377–2386, June 14, 2016neurons showed a sustained calcium
response and membrane depolarization
with action potential firing during the
entire MLR stimulation (Figure 1D). This
pattern of activity is consistent with that
previously described in large MRRN RS
cells known to control locomotor speed
and direction (Deliagina et al., 2008; Du-
buc et al., 2008). A second group of neu-
rons showed a transient calcium response
and a brief burst of spikes that occurred
at the onset of MLR stimulation and
decreased over time (Figure 1E). A last
group of neurons displayed two transient
calcium responses, as well as two bursts
of action potentials: a first response at
the beginning and a second at the end of
MLR stimulation (Figure 1F). Calcium im-
aging experiments showed that cells of
the three RS populations were not uni-
formly distributed in the MRRN (Figures
1G–1I). Most neurons that produced a
sustained calcium response were located
in the medio-rostral and latero-caudal
part of the MRRN (n = 103 cells from the
417 recorded neurons, 24.7% of the cells;
Figure 1G). RS neurons active at the beginning of MLR stimula-
tion were distributed all over the reticular nucleus (n = 170 cells,
40.7% of the cells; Figure 1H), whereas RS neurons with two
transient bursts of activity were located mainly in the medio-
caudal part of the MRRN (n = 144 cells, 34.5% of the cells;
Figure 1I).
One interesting observation was that RS cells in the three cell
populations were all activated at the beginning of MLR stimula-
tion. Differences in spiking activity occurred after this initial burst.
To distinguish the three populations, theywere named according
to their activity pattern: Cells active throughout MLR stimulation
were named maintain cells. Cells active only at the beginning of
the stimulation were referred to as start cells. Cells that showed a
second burst of discharge at the end of theMLR stimulation were
named stop cells. The name of the final cell group was chosen
because of their activity pattern and their further investigated
function, described later.
The Termination Burst Is Present during Active
Swimming
As stated earlier, the presence of maintain cells and start cells
had already been described (for review, see Mullins et al.,
2011). In contrast, RS cells displaying a late burst (stop cells)
had not been described previously in vertebrates. We hypothe-
sized that this cell population could be involved in locomotor
termination. We tested this in semi-intact preparations (Fig-
ure 2A) in which intracellular recordings of RS stop cells (Fig-
ure 2B, bottom) could be correlated with swimming movements
of the intact body (Figure 2B, top) using kinematic analysis. An
anatomical approach was used to identify the recorded neurons
as RS cells and to monitor their specific location within the
MRRN. The recorded RS cells were injected with biocytin,
and retrograde tracing was done after the electrophysiological
experiment by applying Texas red-dextran amines to the cut spi-
nal cord (Figure 2C). Double-labeled neurons indicated that the
recorded cells directly project to the spinal cord. As indicated
earlier, stop cells were mainly found in the caudal MRRN (five
of six labeled cells).
Examining spiking activity of stop cells during swimming, we
found that the first burst of spikes occurred at the beginning of
the locomotor bout, whereas the second burst (termination
burst) occurred when locomotion ended (Figures 2B and 2D).
When the duration of MLR stimulation was modified (7 s, 10 s,
and 20 s), the length of swimming episodes changed accordingly
(Figure 2D). Under those conditions, the termination burst re-
mained strongly linked to the end of swimming but not to the
end of MLR stimulation.
To examine the changes in discharge patterns during MLR-
evoked locomotion, the mean spiking frequency of stop cells
was calculated at the start and termination of swimming (n = 7;
Figure 3A). As illustrated in the left panel, the frequency of neural
activity rapidly increased before and during swimming onset
(Figure 3A, left, shaded areas) and then decreased dramatically
and remained low throughout the ongoing locomotor bout. The
second transient burst of spikes then occurred right before
termination of locomotion, which was defined as the end of the
last locomotor cycle (Figure 3A, right, shaded area). Altogether,
our results indicate that cellular activity of stop cells increases
right before termination of locomotion, suggesting a role of these
neurons in locomotion ending.
Sensory-Evoked and Spontaneous Locomotion also
Evoke Stop Cell Response
So far, we described the stop cell discharge pattern only in
response to MLR stimulation. Under natural conditions, how-
ever, locomotion is initiated by sensory or internal cues (Di Prisco
et al., 1997, 2000). We recorded stop cell activity during both
conditions to assess whether the termination burst was associ-
ated only to MLR-evoked locomotion or it was expressed in
various types of locomotion. Bouts of sensory-evoked locomo-
tion were initiated by a gentle pinch of the dorsal fin of the lam-prey body (n = 7; Figure 3B, middle), and in a few experiments,
we were able to record stop cells during spontaneous locomotor
activity (n = 3; Figure 3B, right). It was found that stop cells
displayed an activity pattern similar to that previously described
for MLR-induced swimming (Figure 3B, left). To compare stop
cell activity during MLR and sensory-evoked locomotion, the
cell activity was aligned to the termination of locomotion (Fig-
ure 3C; every horizontal line in the raster plots represents the
stop cell discharge for one locomotor bout). The stop cell spiking
markedly increased right before locomotor termination for
MLR-induced swimming (n = 45 bouts; Figure 3C, left), as well
as for sensory-evoked swimming (n = 50 bouts; Figure 3C, right).
These results indicate that the termination burst is associated
with the end of locomotion rather than with MLR or sensory
stimulation.
Intrinsic membrane properties are crucial in regulating the ac-
tivity pattern of RS neurons in response to synaptic inputs (Di
Prisco et al., 1997). To determine whether membrane properties
played a role in the biphasic response of stop cells, they were
characterized using whole-cell patch recordings (Figure S1).
We found that the termination burst is unlikely to be mediated
by intrinsic properties such as voltage-gated conductances,
spike frequency adaptation, or intrinsic rebound properties and
that a specific synaptic drive is more likely to be involved.
Glutamatergic Activation of Stop Cells Halts Ongoing
Swimming
The preceding described results indicate that stop cells might
play a crucial role in terminating locomotion. Consequently, if
these cells halt locomotion, then experimentally activating
them should terminate an ongoing locomotor bout. To test this,
stop cells were pharmacologically stimulated during ongoing
MLR-induced locomotor activity by locally pressure-ejecting
D-glutamate (5 mM) over them (Jackson et al., 2007). D-gluta-
mate was ejected either bilaterally or unilaterally, and a colorant
(fast green) was added to the solution to estimate the site and
volume of the ejections. To test the ejections specificity, three
distinct sites were examined (Figure 4A): (1) the rostral part of
the MRRN (rMRRN), where most maintain cells are located (Fig-
ure 4C); (2) the caudal part of the MRRN (cMRRN), where stop
cells are prevalently located (Figure 4D); and (3) the rostral part
of the posterior rhombencephalic reticular nucleus (PRRN)
(rPRRN), a nucleus recruited during fast swimming (Figure 4E;
Brocard and Dubuc, 2003). In comparison to control (no injec-
tion; Figure 4B), the duration of swimming bouts was not signif-
icantly modified by D-glutamate ejections over either the rMRRN
or the rPRRN (control: 50.66 ± 9.19 s; rMRRN: 47.19 ± 9.40 s;
rPRRN: 46.5 ± 7.24 s; n = 7; Figure 4F). However, D-glutamate
ejection over the cMRRN decreased tail muscle activity (Fig-
ure S2A) and stopped locomotor activity within 5 s (Figure 4D).
The duration of MLR-induced swimming bouts was significantly
decreased in comparison to the control condition (control: 50.66
± 9.19 s; cMRRN: 16.55 ± 1.03 s; n = 7; p < 0.01; Figure 4F).
Moreover, regardless of whether D-glutamate was ejected
unilaterally or bilaterally, the body axis did not change when
locomotion was halted pharmacologically (one-way ANOVA;
n = 9; F8,171 = 0.55; p > 0.05; Figure S2C). In addition, the slow-
down of swimming was associated with a progressive decreaseCell Reports 15, 2377–2386, June 14, 2016 2379
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Figure 2. Stop Cells Show a Burst of Discharge Related to the Termination of Swimming
(A) Schematic representation of the bodymovements during a locomotor cycle (left). Semi-intact preparation in the recording chamber (top, right). Equally spaced
white dots were added to the video using homemade software. Angle displacement (in radians, rad) of a mid-body segment was measured over time during
locomotion (bottom, right).
(B) Swimming angle of a mid-body segment (top) combined with an intracellular recording of a stop cell (bottom) during a MLR-induced swimming bout.
(C) Dorsal view of RS neurons of the MRRN backfilled with Texas red-dextran amines (top, left) and one RS cell (recorded in B) labeled with the intracellular dye
biocytin (top, right). Merged images at low magnification (bottom, left) and high magnification (bottom, right).
(D) Intracellular recordings of a stop cell during MLR-induced swimming bouts. The duration of the MLR stimulation was increased from 7 s (top), to 10 s (middle),
to 20 s (bottom). The stop cell reliably generated a termination burst at the end of each locomotor bout.
See also Figure S1.in the firing frequency of maintain cells (Figures S2A and S2B).
This could result from decreased ascending excitatory input
from the spinal locomotor networks to RS cells (Antri et al.,
2009), whereby active stop cells would decrease the activity of2380 Cell Reports 15, 2377–2386, June 14, 2016spinal networks, which consequently provide less excitation to
maintain cells. Taken together, the D-glutamate experiments
show that the activation of stop cells is sufficient to halt ongoing
locomotion.
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Figure 3. The Termination Burst is Present during Sensory-Evoked and Spontaneous Locomotion
(A) Mean spiking frequency of stop cells (n = 7; green circles) and swimming speed of a mid-body segment (empty circles) at the onset (left, dotted line, as
indicated) and termination (right, dotted line, as indicated) of MLR-induced locomotion.
(B) Swimming angle of a mid-body segment combined with an intracellular recording of stop cell discharge in response to MLR stimulation (left), sensory-evoked
locomotion (middle), and spontaneous locomotor activity (right).
(C) Raster plot (top) illustrating individual stop cell discharges after MLR stimulation (n = 45; left). The raster plots are aligned on the termination of swimming. The
graph (below) illustrates the summation of the raster plots (bin width: 100 ms). The same representation is shown for stop cell discharges during sensory-evoked
locomotion (n = 50; right).
All averages represent means ± SEM; rad, radian. See also Figure S1.
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Figure 4. Activation of RS Neurons in the Caudal MRRN Induces Earlier Termination of Swimming
(A) Schematic representation showing the experimental setup (semi-intact preparation).
(B) Swimming angle of a body segment during MLR-induced locomotion in the control condition.
(C–E) Swimming activity during ejection of D-glutamate over the rMRRN (C), the cMRRN (D), or the rPRRN (E). Only ejection of D-glutamate over the cMRRN
stopped locomotor activity.
(F) Histogram (n = 7 preparations) showing the duration of MLR-induced swimming (30 s stimulation at 5 Hz) in control (empty bar) and when D-glutamate was
ejected over the rMRRN (filled bar, left), the cMRRN (filled bar, middle), or the rPRRN (filled bar, right).
All averages represent means ± SEM; *p < 0.05; rad, radian; ns, not significantly different. See also Figure S2.Inactivation of Stop Cells Impairs Swimming
Termination
In another series of experiments, we inactivated stop cells
pharmacologically by ejecting glutamate receptor antagonists
over them (6-cyano-7-nitroquinoxaline-2.3-dione [CNQX] at
1.25 mM and 2-amino-5-phosphonovaleric acid [AP5] at 5 mM;
Figure 5A). The antagonists did not significantly change the
speed of swimming induced by MLR stimulation (Student’s t
test; 5.90 ± 0.91 rad/s versus 6.31 ± 2.83 rad/s; n = 5; t4 =
0.17; p > 0.05). The duration of MLR-evoked swimming bouts
did not change either (Student’s t test; 51.79 ± 12.63 s versus
40.65 ± 6.89 s; n = 6; t5 = 1.409; p > 0.05; Figure 5C). However,2382 Cell Reports 15, 2377–2386, June 14, 2016the rapid slowdown of locomotor activity seen under the con-
trol condition (Figures 5B, top, and 5D, empty circles) changed
to swimming activity that ended far more gradually and slowly
(Figures 5B, bottom, and 5D, orange circles). These results
indicate that stop cells are likely involved in producing rapid lo-
comotor termination and that inactivating them results in slower
termination of swimming.
DISCUSSION
Our findings provide insight into the neural mechanisms underly-
ing the termination of locomotion in vertebrates. We describe
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Figure 5. Inactivation of RS Neurons in the Caudal MRRN Impairs the Termination of Locomotion
(A) Schematic representation showing the experimental setup (semi-intact preparation).
(B) Swimming angle of amid-body segment during locomotion in the control condition (top) and following the bilateral ejection of CNQX/AP5 (1.25/5mM) over the
cMRRN (bottom).
(C) Histogram of the duration of swimming activity before and after CNQX/AP5.
(D) Angular speed of a mid-body segment during the last swimming cycles that precede locomotor termination in the control condition (empty) and following the
CNQX/AP5 ejection (orange).
All averages represent means ± SEM; *p < 0.05; rad, radian; ns, not significantly different.cellular activity and properties of RS cells (stop cells) that appear
to play a crucial role in the termination of locomotion.
We show that stop cells produce a transient burst of activity at
the end of a locomotor bout. Similar activity patterns have been
observed in another vertebrate species in the context of locomo-
tor termination, e.g., Xenopus tadpole (Perrins et al., 2002). How-
ever, the cells were exclusively activated by a sensory signal
originating from the rostral part of the head. In freely walking
crayfish (Kagaya and Takahata, 2010, 2011) and crickets (Kai
andOkada, 2013) cells with spiking activity at the end of locomo-
tion were also found. We now show in lampreys that a termina-
tion burst occurs independent of the type of locomotion under
way, i.e., after MLR stimulation, during sensory-evoked locomo-
tion, and during spontaneous swimming (Figure 3B). From this,
we conclude that this activity pattern is likely to be present
when the animal moves in its natural environment.
The source of the termination burst observed in stop cells is
still unknown. Intrinsic properties or synaptic inputs from higher
brain centers could generate this stop signal. We found that stop
cells do not have intrinsic properties that can explain their activity
at the end of locomotor bouts (Figure S1). However, the stopsignal could originate directly from the MLR through a gating
mechanism specifically activating stop cells at the end of a loco-
motor bout but not other RS cells, such as maintain cells or start
cells. It was recently reported in mice that the MLR provides a
signal that halts locomotion (Roseberry et al., 2016), but the ac-
tivity of the MLR neurons involved was not characterized. It
would be of interest to determine whether stop cells described
in the present study receive specific inputs from the MLR that
could eventually trigger a termination burst in RS cells.
In this study, we performed pharmacological activation and
inactivation experiments and concluded that stop cells play a
key role in the termination process of locomotion. It was pro-
posed that an inhibitory medullary reticular region controlled
the termination of locomotion in the cat (Takakusaki et al.,
2003). Electrical stimulation of this region stopped motor activity
and led to inhibition of hindlimb motoneurons. However, specific
cells responsible for ending locomotion were not identified. Simi-
larly, in a recent study in mice, the optogenetic activation of V2a
neurons located in the rostral medulla and caudal pons was
shown to control locomotor termination (Bouvier et al., 2015).
Although we did not use an optogenetic approach in this study,Cell Reports 15, 2377–2386, June 14, 2016 2383
pharmacological activation or inactivation still provides an excel-
lent tool to manipulate cell activity. This has been used and con-
tinues to be used extensively in several animal models (Mentis
et al., 2005; Petzold et al., 2009). We do not consider pharmaco-
logical manipulation of the stop cells to be as selective as the op-
togenetic approach. The localization of the three populations of
RS cells described in our study showed some anatomical over-
lap. Ejections of D-glutamate over the cMRRN could then acti-
vate stop cells, aswell as start cells or interneurons in the vicinity.
Nevertheless, our results consistently demonstrated a powerful
impact of the drug ejection on swimming activity associated
with the termination of locomotion. This could result from the
presence of a larger number of stop cells in the vicinity or a gating
mechanism, whereby stop cells could be activated at the end of
the locomotor bout, whereas start cells would be in a state of low
excitability. Briefly, the significant halting effects we obtained by
pharmacologically activating the cMRRN and the absence of ef-
fects in our control experiments indicate that stop cells are suf-
ficient to terminate ongoing locomotion.
When stop cells were inactivated by local CNQX/AP5 ejection,
locomotor duration was not significantly modified. Yet in the
control condition, the deceleration process of swimming preced-
ing locomotor termination lasted only a few seconds and swim-
ming speed decreased abruptly (Figure 5). After CNQX/AP5
ejection, however, the duration of the deceleration process
increased and instead of an abrupt reduction of swimming
speed, a slower and gradual decrease occurred. These results
suggest that stop cells might not provide the sole command
for locomotor termination, but they would be needed to swiftly
halt locomotion. Similarly, blocking the synaptic output of V2a
stop neurons increased mobility in freely behaving mice (Bouvier
et al., 2015). Stopping episodes were still present and could arise
from another pathway.
So far, we have not identified the neuronal targets of lamprey
stop cells in the spinal cord or the neurotransmitter or neuro-
transmitters used by those cells. In some studies, inhibitory de-
scending neurons were described to be involved in stopping
locomotion. The hindbrain RS neurons were shown to inhibit
the spinal locomotor neural network mainly through activation
of g-aminobutyric acid type A (GABAA; Xenopus tadpole; Li
et al., 2003) and glycinergic receptors (lamprey; Wannier et al.,
1995). However, it was recently reported in the mouse that V2a
stop neurons are glutamatergic and directly project to the lumbar
spinal cord, where they contact inhibitory and excitatory neurons
(Bouvier et al., 2015).
We have shown that stop cells discharge both when locomo-
tion is initiated and when it stops. Such an antagonistic activity
pattern was previously reported in the leech, where Tr2 neurons
can either initiate or stop locomotion (O’Gara and Friesen, 1995).
Activation of these neurons initiates an episode of fictive loco-
motion. However, similar to stop cells, Tr2 neurons cease to
fire action potentials once locomotion is started, and their activa-
tion terminates ongoing fictive swimming. These results indicate
that antagonistic signals could be coded sequentially by one
neuron, depending on the state of the network. Onset and offset
signals with similar effects have been recorded in dorsal striatum
and substantia nigra of monkeys in relation to the control of
movement (Jin and Costa, 2010). The dual neural activity was2384 Cell Reports 15, 2377–2386, June 14, 2016proposed to signal both the initiation and the termination of ac-
tion sequences. This suggest that neural activity involved in pro-
gramming movement sequences shares similar mechanisms
with that involved in initiation, maintenance, and termination of
locomotion.
In the present study, we show that the termination of locomo-
tion in lampreys is encoded by a specific population of RS neu-
rons, the stop cells. Pharmacological activation and inactivation
of these cells revealed that they play a crucial role in rapid loco-
motor termination. So far, we have not identified the origin of
the termination burst produced by stop cells, but this will be
the subject of upcoming studies. The present results should
have importance in the field of motor control, because they
reveal the cellular activity of specific brainstem cells involved in
halting locomotion.
EXPERIMENTAL PROCEDURES
In Vitro Isolated Brainstem Preparation
Experiments were performed on the isolated brainstem of larval lampreys (Pet-
romyzon marinus). Under tricaine methanesulphonate anesthesia (MS 222,
100 mg/L; Sigma Chemical), the animals were decapitated, incised along
the ventral midline, and eviscerated in a cold saline solution (Ringer’s solution)
with the following composition: 130.0 mM NaCl, 2.1 mM KCl, 2.6 mM CaCl2,
1.8 mM MgCl2, 4.0 mM HEPES, 4.0 mM dextrose, and 1.0 mM NaHCO3,
adjusted to a pH of 7.4. The dorsal surface of the brain and spinal cord was
exposed. Animals were decerebrated and spinalized between the first and
the second segments of the spinal cord. The cartilage containing the isolated
brainstem was pinned down to the Sylgard bottom of a cooled, 5 ml chamber.
The recording chamber was continually superfused with cold oxygenated
Ringer’s solution (8C–10C). All procedures conformed to the guidelines of
the Canadian Council on Animal Care andwere approved by the University An-
imal Care and Use Committees. Special care was taken to limit any possible
suffering and to limit the number of animals used in the experiments.
Imaging
Calcium imaging experiments were performed in larval lampreys (n = 21) in
which the brainstem had been isolated in vitro as described earlier. Crystals
of calcium green-dextran amines (3,000 molecular weight [MW]; Invitrogen)
were applied over the cut spinal cord (between the first and the second spinal
segments) to label RS cells retrogradely. The preparations were perfused with
cold Ringer’s solution overnight in the dark to allow dye transport (10–24 hr).
Calcium responses were measured in labeled RS neurons during electrical
stimulation of the MLR using a Nikon epifluorescent microscope equipped
with a 203 (0.75 numerical aperture) objective and captured using an intensi-
fied charge-coupled device video camera (Photometrics CoolSNAP HQ;
Roper Scientific) at a rate of two images per second. The MLR was stimulated
using a glass-coated tungsten microelectrode (0.8–2 MU). Metafluor imaging
software (Molecular Devices) was used to acquire and analyze the data. Cal-
cium responseswere expressed as relative changes in fluorescenceDF/F after
subtraction of background fluorescence immediately adjacent to the recorded
neurons. All arithmetic manipulations performed on the image data were linear
(background subtraction and alterations in gain) and were applied uniformly
across the image under analysis.
Electrophysiology
RS neurons were impaled with glass microelectrodes (80–120 MU) filled with
potassium acetate (4 M). The signals were amplified (Axoclamp 2A; Axon In-
struments) and sampled at a rate of 10 kHz. Only RS neurons with a stable
membrane potential (below 70 mV for more than 15 min) were included in
the study. In some experiments, patch recordings of RS neurons were made
in either whole-cell current clamp mode or voltage clamp mode (60 to
70 mV) with a model 2400 amplifier (A-M Systems). The cells were targeted
under an Eclipse FN-1 microscope (Nikon Instruments) equipped for
fluorescence. The patch pipette solution contained: 102.5 mM cesium
methane sulfonate, 1.0 mM NaCl, 1.0 mM MgCl2, 5.0 mM EGTA, 5.0 mM
HEPES, and 0.1% biocytin. The pH was adjusted to 7.2 with CsOH, and pi-
pettes were pulled to a tip resistance of 5 MU.
Labeling of RS Neurons
Microelectrodes were filled with 4 M potassium acetate and 0.5% biocytin
(Sigma), and depolarizing pulses (0.5–1.0 nA) were delivered for 10 min to fill
individual neurons iontophoretically. RS cells were retrogradely labeled after
the experiment by applying Texas red-dextran amines (Molecular Probes) on
the rostral stump of a transversely cut spinal cord, and the preparation was
perfused with cold oxygenated Ringer’s solution overnight to allow dye trans-
port. The tissue was fixed in 4% paraformaldehyde (Fisher Scientific) for 24 hr
at 4C and was then transferred into a solution of Alexa Fluor 488 conjugated
streptavidin (Invitrogen) diluted in Triton X-1000 and PBS (1:200) to reveal the
biocytin for 24 hr. The tissue was dehydrated in an ascending series of ethanol
solutions (50%, 70%, 85%, 95%, and 100%) and cleared in methyl salicylate
(Fisher Scientific). The cleared whole mount was then observed and photo-
graphed with an E600 epifluorescence microscope equipped with a DXM
1200 digital camera (Nikon); insets were made with an Olympus FV1000
confocal microscope.
Semi-intact Preparation
For semi-intact preparations (n = 56), the brain and the ten most rostral spinal
cord segments were exposed to the Ringer’s solution while the remaining
bodywas kept intact. The craniumand themost rostral notochordwere pinned
down on Sylgard while the body was free to move. At least 2 hr were allowed
between the end of the dissection and the beginning of recording session. Lo-
comotor bouts were induced by electrical stimulation of the MLR (10–30 s
trains of 2 ms stimuli at 5 Hz) using a glass-coated tungsten microelectrode.
In some experiments, locomotion was induced by tactile stimulation of the
body or occurred spontaneously. Electromyographic (EMG) recordings were
carried out using Teflon-coated stainless steel wires (diameter: 50 mm; Califor-
nia Fine Wire) inserted into the body musculature between segments 20 and
25. The quality of the swimming was assessed visually. The EMG signals
were amplified (1,000 times), filtered (bandwidth: 30 Hz to 1 kHz), and acquired
with a sampling rate of 5 kHz. Kinematic recordings of body movements were
performed using a high-definition video camera (GZ-HD3U; JVC) at a sampling
rate of 30 Hz. Body movements were analyzed using a homemade MATLAB
R2009A script (MathWorks). Markers were placed offline at equal distances
on the body (Figure 2A) and tracked over time to monitor swimming behavior.
Drugs
All drugs were dissolved at their final concentration in the Ringer’s solution and
injectedasdescribedpreviously (e.g., Smetanaet al., 2010;Ryczkoet al., 2013).
D-glutamate (5 mM; Sigma-Aldrich), and a CNQX/AP5 mixture (CNQX at
1.25 mM and AP5 at 5 mM) was pressure ejected through a glass micropipette
with a Picospritzer (General ValveCorporation). The inactive dye fast greenwas
added to the drug solution to monitor the extent of the injection. The injection
micropipette was positioned on the surface of the tissue, and injection param-
eterswere set so that a fast greenstain of100mmdiameterwouldbe visible on
the surface of the tissue right after injection. Control injections of fast green dis-
solved in Ringer’s solution did not induce responses in RS neurons.
Data Acquisition and Analysis
Electrophysiological datawere acquired through aDigidata 1322A interfacewith
Clampex 8.0 software (Axon Instruments,Molecular Devices) and analyzed with
Clampfit 10.2 software.Datawereexpressedasmeans±SEM.UsingSigmaPlot
11.0, statistical significance was determined using Student’s t tests or one-way
ANOVA, followed by Tukey’s post hoc test. Correlations were obtained using a
Spearman correlation test. p < 0.05 was considered statistically significant.
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